. This inelasticity, from the point of view of damage mechanics, is considered in general to be related to the irreversible thermodynamics processes involving energy dissipation and stiffness variation primarily caused by the presence of micro-structure changes of the material (see References [2] [3] [4] [5] [6] , perturbation theory [7, 8] , complex stress potentials and eigen-function series [9] , Reissner's variational principle [10] , the global-local model [11] , the asymptotic technique [12] , the finite element method [13] [14] [15] and the hybrid finite element method [16, 17] [18] [19] [20] [21] ). The anisotropic model of damage mechanics by Chow and Yang [4, 5] is chosen for this investigation.
As elucidated in Reference [5] Equations (1) and (2) give the description of the elastic and damaged responses of the composite materials. However, before these equations can be employed, we need to establish a damage criterion in distinguishing between the elastic and damage behaviors. To this end, the damage surface is defined as which encloses a region in stress space, and contains all possible loading processes such that the material behaviors are linearly elastic without further change in the material properties. As the damage develops, this area expands to encompass those additional state points that can be reached by elastic reloading with the new material coefficients because of its earlier damaging process. The physical significance of this function is analogous to that of the yielding surface in the theory of plasticity.
Moreover, a damage potential function G in stress space is taken to have the following form:
Then, the damaged strain increment can also be obtained by dX in Equation (7) [2, 3] , the expression that relates the variation of C,, to the damage surface F and the damage potential G during damaging process, by using Equations (3) and (5)- (8), can be formulated as [4, 5] in which C,; can be determined as long as the expressions of functions F and G are known.
As [5] and Equation (15) relates the rate of damage progression with stress, and Equation (14) (16) and (8), Equation (17) becomes With Equation (7), the scalar of proportionality dX can be determined as Hence,
By substituting Equation (20) into Equation (16) (10) , after some manipulation [using Equations (10) and (13) ], Equation (22) From the previous discussions, it may be concluded that Equations (1), (2) and (21) are sumcient to describe the damage behavior of brittle composite materials, as long as the material coefficients in Equations (11) and (13) are determined from experimental results.
ASSUMPTIONS AND FINITE ELEMENT FORMULATION
To show the influence of damage on the response of composite structures, consider a rectangular composite laminate containing four unidirectional fiber reinforced layers of uniform thicknesses which are symmetrically stacked about the midplane. The composite laminate of width 2b and total thickness of 4h is subjected to a uniform axial extension strain Eo in the x-direction, as shown in Figure Figure 1 . Laminate configuration. Figure 1) .
In the finite element analysis, the laminate is modeled in the y-z plane based on the condition specified in Equation (24) for which the quadrilateral isoparametric finite element is chosen. Figure 2 (a) depicts a typical quadrilateral isoparametric element with nodes 1-8. This element is presented in a global coordinate system. Another coordinate system, called the natural coordinate system or local coordinate system, which will allow a simple square element to be mapped into the y-z system and still satisfy the continuity requirements, is also introduced. The simple square element and the local coordinate system are shown in Figure   2 In the investigation, one quadrant of the cross section of the laminate is modeled by 160 conventional two-dimensional eight-node isoparametric elements. The mesh used is depicted in Figure 3 and is refined near the boundary of the laminate. In order to verify the developed computer program, it is executed first to calculate the linear-elastic interlaminar stresses. The results computed with the program are compared with those described in References [8] and [14] , and excellent agreement has been achieved.
RESULTS AND DISCUSSIONS
For the present investigation, only two types of graphite/epoxy composite laminates, cross-ply and angle-ply, are studied. The reason for selecting these laminates is that the cross-ply laminate subjected to unixial strain shows mismatch in elastic deformation along the loading direction, while the angle-ply laminate displays mismatch in elastic shear properties.
Prior to using the finite element analysis to compute the nonlinear damage response of each laminate subjected to uniformly applied uniaxial loading, the basic mechanical properties of each lamina must first be determined. The experimental method developed for the determination of the virgin and damaged properties has been described in References [4] and [5] , to which interested readers should refer for details. In essence, a series of unidirectional laminates of several orientations made of T300 graphite fiber in 648 epoxy matrix was loaded under uniaxial tension. The fiber volume fraction of the laminae chosen is about 65 percent, and the basic mechanical properties of virgin lamina are where the subscripts 1, 2, and 3 correspond to the longitudinal, transverse and thickness directions, respectively, of a zero-degree composite lamina.
A second series of tests was performed for unidirectional laminates subjected to repeated loading and unloading conditions. This was done to establish the relationship between &OElig;o and Ed in Equation (13) from which the material constants of damage in the equation were evaluated as In the determination of the non-vanishing constants of R,, in Equation (11) Figure 7 , although the distributions of the pseudo elastic and inelastic or., components are in similar shape, the maximum value of the damaged stress is reduced. The distributions of stress components a., and a,, along the interface of the laminate for Eo = 0.001 are shown in Figure 8 and Figure 9 , respectively. For Figure 10 and Figure 11, Figure 15 and Figure 16 are the distributions of stresses azz and or,, along the interface and in Figure 17 and Figure 18 , along the free edge of the laminate for Eo = 0.001, respectively. These stress components in the 90° layer only are affected, which are similar to those in the previous case, revealing that the presence of the 90° ° graphite/epoxy composite lamina has properties that can cause decreasing stiffness with increasing tensile strain due to material damage. The growth of damage zones in [90/0°]S laminate is illustrated in Figure 19 . Figure 4 . This difference can be explained by observing the distributions of stress or., in the two laminates; for these cross-ply laminates, the in-plane shear stress component is absent, the sign of out-of-plane shear stress does not influence the damaging process, and the values of stress Q2z, i.e., axx in the 90° layer, are positive for the two laminates when they are subjected to uniaxial tension. As shown in Figure 8, Figure 23 is higher than that of the pseudo elastic one. This is caused by the material anisotropy in ±45° laminae under off-axis tension, unlike those in the cross-ply laminates, which are orthotropic in nature. The free edge stress distributions, or,,, and am for the damaged and pseudo elastic cases, are illustrated in Figure 25 and Figure 26 , respectively. Symmetric stress distribution ofaxz about the interface can be observed due to the specific configuration of the laminate. 
CONCLUSIONS
The constitutive model for the damage behavior of laminated composite materials has been established in such a way that it can be easily incorporated into finite element analysis, which is important in characterizing the damage response of composite structures. The formulation of the elastic-damaged analysis for composite laminates with straight edges subjected to the loading of in-plane strain using a quasi-three-dimensional finite element approach has been performed. The 
